Introduction
============

The host immune system plays a critical role in influencing cancer disease progression, or potential elimination of tumors. Broadening our understanding of the complex interactions between tumor and immune factors represents the principle basis of oncoimmunological research, a field that has been rapidly growing in the last two decades. Since the host immune system may affect the outcome of treatments, studies have been designed to investigate the effects of conventional cancer therapies on tumor immunity.[@R1] In addition, new strategies to improve conventional cancer therapies are being explored, taking into account the immunological components of tumors.[@R2]

In the past, the antitumor activity of local radiation therapy (RT) was attributed predominantly to the ability of ionizing radiation to kill tumor cells by induction of irreparable DNA damage. However, it is now widely recognized that the efficacy of RT is also dependent upon its immunomodulatory effects.[@R3]^-^[@R6] Our lab previously demonstrated that local, single high dose ablative radiation increases the levels of interferon γ (IFNγ) within the tumor, which induces the upregulation of MHC class I molecules on the surface of tumor cells.[@R7] Ablative radiation has also been shown to augment the expression of tumor-associated antigens (TAA)[@R8]^,^[@R9] as a result of mTOR activation that drives increased protein translation.[@R10] These factors potentially lead to better recognition of tumor cells by immune effector cells reactive against TAAs. RT also induces changes in the overall tumor microenvironment. Our lab and others have demonstrated that RT increases the capacity of immune cells to infiltrate tumors.[@R11] Moreover, immunogenic cell death and the release of "danger signals" following RT triggers inflammatory responses.[@R12] These changes in the tumor microenvironment have been suggested to both alleviate immunosuppressive mechanisms[@R13]^,^[@R14] and enhance immunostimulatory processes by altering the type of immune cells recruited to the tumor and influencing their functions.[@R15] Although not completely elucidated, RT has been shown to bring about remodeling of tumor stroma, by modifying extracellular matrix components and tumor vessel endothelial cells.[@R16]^-^[@R18] Additionally, it has been recently reported that local RT can trigger systemic effects,[@R19] such as the reduction of myeloid expansion that is associated with more potent tumor control.[@R20]

Despite the generation of antitumor immune responses, RT alone is often insufficient to overcome the immunosuppressive microenvironment of tumors in a sustained manner. Thus, initial reduction in tumor sizes and growth delays typically occur but tumors eventually continue to grow. New knowledge about the immunomodulatory effects of RT have consequently generated interest in combining immunotherapy with RT as an approach to further enhance radiation-induced anti-tumor immunity.[@R21]^-^[@R24] Results of several pre-clinical and clinical studies performed so far have already suggested that the combination of immunotherapy and RT may be a promising approach in cancer treatment. A few examples include cytokine-based therapies such as IL-2,[@R25]^,^[@R26] IL-12[@R27] and Type I interferons,[@R3]^,^[@R28] as well as agents targeting toll-like receptors,[@R29] and treatments aiming to enhance dendritic cell (DC) differentiation, maturation or function.[@R30]^,^[@R31]

*Listeria monocytogenes (Lm)* is an intracellular bacterium that has been developed for use as cancer vaccine vectors by virtue of a natural capacity to elicit potent innate and antigen-specific cellular immune responses. Wild type (WT) *Lm*, when administered intravenously in mice, is rapidly taken up by antigen-presenting cells, particularly in the spleen and the liver. DCs in the spleen have been shown to play a role in the containment of *Lm* during early stages of infection, and, to be essential for the priming of adaptive immune responses as demonstrated by the lack of *Lm*-specific CD8^+^ T cell activation in DC-depleted CD11c-DTR mice.[@R32] Therefore, *Lm* is highly effective in stimulating the maturation of DCs, which then efficiently cross-present antigens to activate CD8^+^ T cells.

*Lm* expresses internalin (Inl) molecules, InlA and InlB that bind receptors on the surface of host cells, allowing the bacterium to infect non-phagocytic cells.[@R33]After successful escape of the bacterium from endocytic or phagocytic vacuoles, *Lm* replicates in the cytoplasm of the host cell. Deletion of the two virulence factors, ActA (Δ*actA*) and Inl B (Δ*inlB*), gives rise to a live-attenuated *Lm* strain that is still taken up by antigen-presenting cells but has a limited capacity to infect non-phagocytic cells. Further, this Δ*actA*/Δ*inlB Lm* mutant strain is defective in cell-to-cell spread after initial infection and replication. This attenuation strategy has been demonstrated to enable rapid clearance of the bacteria in mice (more than 1,000-fold less pathogenic than WT *Lm*) yet maintaining the generation of a robust immune response.[@R34] Moreover, Δ*actA*/Δ*inlB Lm* expressing model antigens have been shown to trigger effective antitumor responses in preclinical models.[@R35] Using the Δ*actA*/Δ*inlB Lm* platform, a vaccine strain was engineered by AduroBioTech that expresses a human tumor-associated antigen, mesothelin, commonly overexpressed by tumors such as pancreatic cancer, ovarian cancer, non-small cell lung cancer and mesothelioma. This vaccine, CRS-207, was successfully tested in a Phase I clinical trial[@R36] and has recently completed Phase II clinical trial in combination with low dose cyclophosphamide (CY) and GVAX. GVAX, a vaccine that stimulates a broad antigenic response, is composed of irradiated allogeneic pancreatic cancer cells that have been genetically modified to secrete granulocyte-monocyte colony-stimulating factor. Results from the Phase II trial demonstrated significant extension of overall survival in metastatic pancreatic cancer patients treated with low dose cyclophosphamide (CY)/GVAX plus CRS-207, compared with CY/GVAX alone, reinforcing the benefit of treatments that utilize combinatorial strategies.[@R37]

In this study, we used the B16-OVA murine melanoma model to examine the therapeutic potential of combining 15 Gray (Gy) RT with OVA-expressing Δ*actA*/Δ*inlB Lm (Lm-*OVA*)*. The combinatorial treatment significantly slowed tumor progression compared with RT or *Lm-*OVA monotherapies, suggesting a synergism between the two treatments. Tumor control by *Lm-*OVA vaccine was completely abolished in mice depleted of CD8^+^ T cells, whereas growth delay following RT was only partially dependent on CD8^+^ T cells. Our initial investigation of possible mechanisms underlying the enhanced efficacy of combination therapy suggests that *Lm*-OVA treatment increases the number of total CD8^+^ T cells, antigen-specific CD8^+^ T cells and CD4^+^ T cells. Moreover, expression of the activation marker, CD69 on both CD4^+^ and CD8^+^ T cells was upregulated in tumors that were treated with 15 Gy RT, suggesting that these cells had acquired a more activated phenotype. Although an additive increase was only observed in the number of tumor-infiltrating NK cells, *Lm*-OVA vaccine and RT seem to activate different components of the immune system that when combined, contribute to enhanced antitumor potency.

Taken together, our data suggest that *Lm* vaccine combined with RT can elicit better tumor control, at least partly as each treatment evokes distinct immune responses that complement one another in a synergistic manner that leads to tumor growth suppression.

Results
=======

*Lm-*OVA vaccine and radiation combination therapy retard tumor growth better than either treatment alone
---------------------------------------------------------------------------------------------------------

To test our hypothesis that combinatorial therapy is more effective at delaying tumor growth than *Lm*-OVA vaccine or RT monotherapy, we injected B16-OVA intramuscular (*i.m.*) into the thigh on day 0 and monitored tumor growth over time. Mice were given 15 Gy single dose radiation on day 7, or *Lm*-OVA on day 8, or both. In order to control for the non-OVA-specific effects on tumor growth resulting from attenuated *Lm* infection, additional mice were treated with the same strain of *Lm* that does not express OVA (*Lm*-Ctrl). Tumors in mice that were given *Lm*-OVA alone continued to grow for about 5 d before starting to decrease in size, whereas administration of *Lm*-Ctrl did not have an effect on tumor growth ([Fig. 1A](#F1){ref-type="fig"}), similar to mice given only BSS (data not shown). However, at later time points (mean = 27 d), mean thigh diameters of mice treated with only *Lm-*OVA eventually exceeded 12 mm and the mice had to be euthanized.

![**Figure 1.** Radiation therapy combined with *Listeria monocytogenes*-based vaccine delays B16 melanoma growth further than either monotherapy. (**A-F)** To assay the efficacy of radiation therapy (RT) and *Listeria monocytogenes* (*Lm*) vaccine combinatorial therapy, C57Bl/6 recipient mice were implanted with 1 x 10^5^ OVA-expressing B16 cells injected *i.m.* into the left leg of each mouse. On day 7, mice were left untreated (**A** and **B**) or treated with 15 Gy radiation on the tumor-bearing leg (**C** and **D**) and on day 8, mice were injected with either *Lm*-OVA (red lines), or Ctrl-*Lm* (blue lines). For depletion of CD8^+^ T cells (**B** and **D**), 200 μg anti-CD8 antibody was administered *i.p.* on days 6, 8, 10 and 12. Tumor growth was monitored by measuring the thigh diameter every other day. Dashed lines indicate the approximate window of time within which mice treated with radiation had to be euathanized. **E.** Extension of growth curves from (**C**). **F.** Thigh diameters after tumor rechallenge on the opposite leg among recipient surviving longer than 60 d. Data shown are combined results of 2 independent experiments (n = 6 to 9).](onci-3-e29028-g1){#F1}

To determine the role of CD8^+^ T cells in *Lm*-OVA alone therapy, mice were given anti-CD8 antibody intravenously starting on day 6, a time point when palpable tumors were established and before the initiation of treatment. Depletion of host CD8^+^ T cells resulted in complete abrogation of the reduction in tumor size by *Lm*-OVA treatment ([Fig. 1B](#F1){ref-type="fig"}). This suggests that the effect of *Lm*-OVA on tumor growth is highly dependent on CD8^+^ T cells. We next examined the combined effect of both RT and *Lm* vaccine. Although RT plus *Lm*-Ctrl significantly delayed growth of B16 melanoma, reaching end-point sizes between day 25 and 30, RT plus *Lm*-OVA combination therapy was superior in comparison ([Fig. 1C](#F1){ref-type="fig"}). Among mice that lack CD8^+^ T cells and were treated with 15 Gy RT plus *Lm*-Ctrl, there was a trend (although not statistically significant) toward slightly faster tumor growth than immunocompetent mice given the same treatment. Therefore, the ability of irradiation to control tumor growth is not completely dependent on CD8^+^ T cells. With RT plus *Lm*-OVA, loss of the therapeutic effect was also observed in mice given CD8 depleting antibody ([Fig. 1D](#F1){ref-type="fig"}). Significantly larger tumors were observed in CD8-depleted mice treated with the combinatorial therapy compared with non-depleted mice starting at day 17, and continuing until day 21 when tumors began to reach sizes that required the mice to be euthanized. However, the extent to which tumor growth delay was compromised by CD8 depletion was variable. Thus, combination therapy requires CD8^+^ T cells to attain maximal therapeutic potential, but CD8^+^ T cells are most likely not the only effector cells that contribute to the dramatic delay in tumor growth.

Interestingly, after a long period with no signs of progression, rapid tumor outgrowth occurred in most of the mice that were given RT plus *Lm*-OVA combination therapy ([Fig. 1E](#F1){ref-type="fig"}). However, the other 20% of mice in this treatment group had no measureable tumors even at day 60. These mice were subsequently rechallenged with B16-OVA injected *i.m.* into the opposite leg. As expected, these mice were protected from tumor growth after tumor challenge at a distal site without additional treatment ([Fig. 1F](#F1){ref-type="fig"}). These results suggest that high-dose radiation and *Lm*-OVA treatments can synergize to bring about improved and durable antitumor responses in a manner at least partially dependent on CD8^+^ T cells.

Radiation therapy and *Lm*-OVA vaccine alter the number and activation status of tumor-infiltrating T cells
-----------------------------------------------------------------------------------------------------------

To understand the possible mechanisms driving improved tumor control following combination therapy, we next evaluated how the tumor environment was altered in response to the different treatments. B16-OVA cells were injected on day 0, treated with irradiation and *Lm*-OVA (as described above) and on day 13, tumors were excised for cytofluorimetric analysis of tumor-infiltrating lymphocytes. At this time point, the relative number of intratumoral CD8^+^ T cells in mice administered *Lm*-Ctrl was not increased by RT ([Fig. 2A](#F2){ref-type="fig"}). Treatment with *Lm*-OVA alone slightly increased the number of intratumoral CD8^+^ T cells compared with mice that were given *Lm*-Ctrl, suggesting that the antitumor immune response generated by the vaccine was dependent on antigen-specificity. Importantly, the increase in number of tumor-infiltrating CD8^+^ T cells was significantly higher when RT and *Lm*-OVA were administered in combination as compared with mice treated with RT plus *Lm*-Ctrl ([Fig. 2A](#F2){ref-type="fig"}). Surprisingly, the number of CD8^+^ T cells in tumors treated with combination therapy was not significantly higher than mice receiving *Lm*-OVA monotherapy, despite a marked delay in tumor growth in mice treated with RT and *Lm*-OVA combinatorial therapy relative to those given *Lm*-OVA alone ([Fig. 1A and C](#F1){ref-type="fig"}). Upon examining the number of tumor-infiltrating CD4^+^ T cells, a similar trend was observed ([Fig. 2B](#F2){ref-type="fig"}). Further phenotypic analysis by flow cytometry revealed that in mice receiving any of the treatments, the majority of tumor-infiltrating T cells (on average more than 80%) were CD44^high^ CD62L^low^, hence of the effector cell phenotype (data not shown).

![**Figure 2.** Combination therapy affects the number and activation state of CD4^+^ and CD8^+^ tumor-infiltrating T cells. (**A-D)** To assay the effects of radiation therapy and *Listeria monocytogenes* (*Lm*) vaccine combinatorial therapy on tumor-infiltrating lymphocytes, 1 x 10^5^ OVA-expressing B16 cells were injected intramuscularly into the thigh and mice were treated with 0 Gy or 15 Gy on day 7, and Ctrl-*Lm* or *Lm*-OVA on day 8. Tumors were excised on day 13, weighed and processed into single cell suspensions by collagenase treatment. (**A-B)** Tumor-infiltrating lymphocytes were detected by staining with fluorescence-conjugated antibodies for an hour followed by cytofluorimetric analysis. T cells were identified by sequential gating for cells that were CD45^+^ CD3^+^ and either CD8^+^ or CD4^+^. The number of tumor-infiltrating CD8^+^ (**A**) and CD4^+^ (**B**) T cells were expressed as cells per mg of each tumor. (**C-D)** The expression levels of the activation marker CD69 on CD8^+^ (**C**) and CD4^+^ (**D**) T cells were similarly analyzed by immunofluorescence staining and flow cytometry. Data are shown as mean fluorescence intensity (MFI) values. Statistical significance was evaluated using one-way ANOVA; comparisons that are not labeled with a *P* value are not significantly different. Data shown are representative of two independent experiments.](onci-3-e29028-g2){#F2}

Besides changes to the number of T cells within the tumor, it is also possible that the treatments alter the activation status of these effector cells. Indeed, the cell surface expression of CD69, an early activation marker, on CD8^+^ T cells ([Fig. 2C](#F2){ref-type="fig"}) and CD4^+^ T cells ([Fig. 2D](#F2){ref-type="fig"}) was increased following 15 Gy RT both in mice that were given *Lm*-Ctrl, as well as in mice administered *Lm*-OVA. However, although treatment with *Lm*-OVA alone increased the expression of CD69 on CD8^+^ and CD4^+^ T cells compared with that of *Lm*-Ctrl, the vaccine did not seem to further increase the activation status of T cells in mice that were treated with the combination of RT and *Lm*-OVA relative to RT only (15 Gy plus*Lm-*Ctrl). Thus far, our data suggest that when administered in combination, RT and *Lm*-OVA increase the recruitment of CD8^+^ and CD4^+^ T cells into the tumor, and these tumor-infiltrating CD8^+^ and CD4^+^ T cells are more strongly activated, as assessed by CD69 expression.

*Lm*-OVA significantly increases antigen-specific T cells that infiltrate the tumor
-----------------------------------------------------------------------------------

Effective antitumor immune responses are dependent on cytotoxic CD8^+^ T cells that can specifically recognize TAAs, a process required for targeted killing of tumor cells. Thus, the number of antigen-specific CD8^+^ T cells within the tumor should naturally contribute to the potency of an antitumor immune response. To enumerate antigen-specific CD8^+^ T cells in B16-OVA tumors, MHC class I-restricted OVA-dextramers were used to identify SIINFEKL-specific CD8^+^ T cells. To control for OVA-specific CD8^+^ T cells generated by the inoculation of B16-OVA cells itself, mice were inoculated with parental B16 cells and treated with or without radiation on day 7, and balanced saline solution (BSS) on day 8. These mice provided the baseline numbers and percentages of OVA-specific CD8^+^ T cells in the absence of any exogenous OVA antigen and *Lm* infection. Neither *Lm*-Ctrl only nor *Lm*-Ctrl plus 15 Gy RT significantly altered the percentage ([Fig. 3A](#F3){ref-type="fig"}) or number ([Fig. 3B](#F3){ref-type="fig"}) of OVA-specific CD8^+^ T cells compared with the parental B16 controls. On the other hand, *Lm*-OVA alone induced a marked increase in the percentage ([Fig. 3A](#F3){ref-type="fig"}) and number ([Fig. 3B](#F3){ref-type="fig"}) of OVA-specific CD8^+^ T cells, increasing by \~100 cells per mg tumor tissue. The addition of RT did not result in any further significant increase. Taken together, *Lm*-OVA is a potent stimulus that brings about an increase in the number of total T cells as well as antigen-specific CD8^+^ T cells. Although RT did not seem to enhance this response, it instead provided an activation signal that increased CD69 expression on almost all CD4^+^ and CD8^+^ T cells within the tumor. These two factors together, may potentiate the delay in tumor progression in mice that received the RT plus *Lm*-OVA combinatorial treatment.

![**Figure 3.***Lm*-OVA vaccine therapy increased the frequency and number of OVA-specific CD8^+^ T cells within the tumor. (**A-B)** To assay the effects of radiation therapy and *Listeria monocytogenes* (*Lm*) vaccine combinatorial therapy on tumor antigen-specific T cells, 1 x 10^5^ B16-OVA cells were injected intramuscularly into the thigh and mice were treated with 0 Gy or 15 Gy on day 7, and Ctrl-*Lm* or *Lm*-OVA on day 8. Tumors were excised on day 13, weighed and processed into single cell suspensions by collagenase treatment. Cells were stained with fluorescence-conjugated antibodies for an hour and followed by cytofluorimetric analysis. To detect antigen-specific CD8^+^ T cells, PE-conjugated H-2K^b^/SIINFEKL dextramers (Immundex) were used to label cells prior to staining with anti-CD45, -CD3 and -CD8 antibodies. OVA-dextramer^+^ cells were expressed in terms of (**A**) percentage over total CD8^+^ T cells (**B**) relative number of cells in 1 mg of each tumor. Data shown are representative of two independent experiments. In each experiment, n = 2 for balanced saline solution (BSS) controls, and n = 4 for mice that were treated with *Lm*-Ctrl or *Lm*-OVA. Statistical significance was evaluated using one-way ANOVA.](onci-3-e29028-g3){#F3}

The number of tumor-infiltrating NK cells is increased following combinatorial therapy
--------------------------------------------------------------------------------------

We had previously observed that depletion of CD8^+^ T cells using anti-CD8 antibody only partially abrogated tumor growth delay in response to RT and *Lm*-OVA combinatorial therapy in about 33% of mice ([Fig. 1B and D](#F1){ref-type="fig"}). Therefore, other effector cells and molecules could be contributing to tumor control in response to combinatorial therapy. NK cells have been shown to have the ability to kill tumor cells in a non-MHC-restricted, non-antigen-specific manner. As shown in [Figure 4](#F4){ref-type="fig"}, for mice that were treated with *Lm*-Ctrl, 15 Gy did not exhibit increased NK cells within the tumor. On the other hand, *Lm*-OVA vaccine monotherapy induced recruitment and significant accumulation of more NK cells in the tumor, and the number of NK cells was further elevated following RT plus *Lm*-OVA combinatorial therapy to approximately \~2X that of *Lm*-OVA only and \~10X over RT only (*P* value \< 0.001; [Fig. 4](#F4){ref-type="fig"}). In conclusion, besides CD8^+^ T cells, NK cells may also play a role in the combinatorial therapy-mediated antitumor response that brings about prolonged maintenance of tumors in a progression-free state.

![**Figure 4.** Combination therapy increased the number of NK cells within the tumor. To assay the effects of radiation therapy and *Listeria monocytogenes* (*Lm*) vaccine combinatorial therapy on natural killer (NK) cells, 1 x 10^5^ B16-OVA cells were injected intramuscularly into the thigh and mice were treated on the tumor-bearing leg with 0 Gy or 15 Gy on day 7, and Ctrl-*Lm* or *Lm*-OVA on day 8 (n = 4 per group). Tumors were excised on day 13, weighed and processed into single cell suspensions by collagenase treatment. Cells were stained with fluorescence-conjugated antibodies for an hour followed by cytofluorimetric analysis. NK cells were gated based on the markers CD45^+^ CD3^-^ NK1.1^+^. Data shown are representative of 2 independent experiments. Statistical significance was evaluated using one-way ANOVA.](onci-3-e29028-g4){#F4}

Effector molecules are increased by *Lm* vaccine and irradiation in a complementary manner
------------------------------------------------------------------------------------------

To gain insight on the functionality of effector cells within the tumor, we investigated the levels of 2 molecules in the tumor microenvironment that may be indicative of effector cell function. First, IFNγ levels in whole tumor lysates were detected by ELISA. *Lm*-OVA vaccine alone was sufficient to significantly increase the levels of IFNγ within the tumor (*P* value \< 0.001; [Fig. 5A](#F5){ref-type="fig"}). Congruent with CD8^+^ T cell numbers, combinatorial therapy did not further increase the levels of IFNγ compared with that of *Lm*-OVA alone.

![**Figure 5.** IntratumoralIFNγ protein levels and granzyme B mRNA levels were not upregulated in additive or synergistic manner in combinatorial treatment. (**A-B**) B16-OVA cells were injected intramuscularly into the thigh. Recipient mice were treated locally with 0 Gy or 15 Gy on day 7, and Ctrl-*Lm* or *Lm*-OVA on day 8 (n = 3 per group). Tumors were excised on day 13 as before and analyzed for effector molecule protein (**A**) and RNA (**B**) expression levels. (**A)** Supernatants of tumor homogenates were used to determine interferon γ (IFNγ) levels within the tumor by IFNγ-specific ELISA. The concentration of IFNγ in each sample was normalized to the total protein concentration in the sample. Statistical significance was evaluated using one-way ANOVA (n = 6--7; combined data from 2 experiments). (**B)** Quantitative reverse transcription PCR (qRT-PCR) analysis of transcripts encoding IFNγ (left) and Granzyme B (right). Total mRNA in each tumor homogenate was isolated and qRT-PCR was performed. Granzyme B transcript levels in each sample was normalized by GAPDH levels and expressed as fold increases over balances saline solution (BSS) + 0 Gy control. Data shown are representative of 2 independent experiments.](onci-3-e29028-g5){#F5}

Next, we measured the transcript levels of the granzyme B gene (*GZMB*) in whole tumor lysates. Activated CD8^+^ T cells and NK cells can upregulate the expression of cytotoxic molecules including granzyme B. Together with perforin which form pores in the target cell membrane, granzyme B released by effector cells has been shown to induce apoptosis of tumor cells.[@R38] Strikingly, RT was the only therapy that resulted in an induction in the relative mRNA levels of *GZMB*, and these levels of induction are consistent among mice given BSS, *Lm*-Ctrl or *Lm*-OVA ([Fig. 5B](#F5){ref-type="fig"}). In support, intracellular granzyme B staining and analysis by flow cytometry on day 13 revealed that tumor-associated CD4^+^ T cells, CD8^+^ T cells as well as NK cells have higher expression levels of granzyme B protein following RT (data not shown). In conclusion, *Lm*-OVA induces production of more IFNγ in the tumor whereas RT upregulates granzyme B as well as IFNγ. Taken together with our data demonstrating an increase in the number of T cells following the various treatments ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), these results suggest that radiation and *Lm*-OVA have several distinct effects on antitumor immune response. Therefore, in combination RT and *Lm*-OVA vaccine are complementary treatments, inducing a more comprehensive anticancer immunological response.

Discussion
==========

Recent studies suggest that radiation therapy is more efficacious in treating cancer when used in combination with immunotherapy. In this study, we show that the delay in tumor progression (i.e., growth) achieved by combining *Lm*-OVA vaccine with radiation therapy is superior to the administration of either treatment as a monotherapy. The small proportion of mice that underwent tumor regression were found to be protected against tumor rechallenge at a later time point, suggesting the formation of immunological memory induced by the combinatorial regimen.

To our knowledge, our report is only the second preclinical study investigating the therapeutic potential of combining RT and a *Lm*-based vaccine.[@R39] By focusing on evaluating the local tumor microenvironment, our data extend the earlier finding by Hannan et al. that a similar combinatorial strategy results in additive effects on systemic immune responses.[@R39]

Our results suggest that RT plus *Lm-*OVA enhances immune-mediated antitumor mechanisms within the tumor microenvironment. In addition to increased numbers of tumor-infiltrating CD8^+^ T cells, these cells have increased expression of CD69, which is indicative of a higher activation status. Moreover, the number of tumor-infiltrating NK cells are significantly increased following administration of RT plus *Lm-*OVA. Strong evidence from previous studies support the concept that CD8^+^ T cells recognize MHC class I-positive target cells, whereas NK cells mediate killing of cells that downregulate MHC class I molecules, a process described by many as "missing-self" recognition.[@R40]^-^[@R42] Therefore, the dual increase in tumor-infiltration by CD8^+^ T cells and NK cells observed following RT plus *Lm-*OVA may be an important benefit of the combination treatment, an observation warranting future investigations.

IFNγ and granzyme B, are effector molecules secreted by both T cells and NK cells. In B16 tumors, IFNγ is mainly produced by CD4^+^ T cells, CD8^+^ T cells and NK cells (data not shown). The marked increases in numbers of tumor-infiltrating CD8^+^ T cells and NK cells in mice treated with *Lm-*OVA or RT plus *Lm-*OVA correspond with the significant elevation in intratumoral levels of IFNγ observed in response to the combination therapy. Although intratumoral levels of IFNγ were similar in mice given *Lm*-OVA and RT plus *Lm*-OVA combination therapy, this ELISA-based experiment only detects IFNγ present in the tissue at a particular time point and does not account for cytokine that has been secreted but consumed. Therefore, it is possible that the actual levels of IFNγ produced by effector cells may be underestimated. For analysis of granzyme B, intratumoral *GZMB* transcript levels were markedly increased in mice that received RT regardless of whether *Lm*-OVA was administered.

The results of our study are summarized in [Table 1](#T1){ref-type="table"}. Overall, we conclude that maximal therapeutic outcome was achieved when both the quantity and quality of immune effector cells present at the tumor site were enhanced. For example, the number of CD8^+^ T cells, along with the quality, as assessed by CD69 and granzyme B expression, is highest in mice treated with RT plus *Lm*-OVA. Using the number of days to tumor end point (12 mm in mean size) as a measure, RT plus *Lm*-OVA resulted in the longest tumor control compared with the other treatments. Therefore, it is the summation of different effector mechanisms elicited by *Lm* vaccine and RT that resulted in better tumor control rather than an enhancement in one particular aspect of the antitumor immune response. In the future, further understanding of these mechanisms will be critical for treatment optimization in the clinical setting.

###### **Table 1.***Lm* vaccine and radiation therapy have complementary effects in activating anti-tumor immunity

  ----------------------------------------------------------------------------------------------------------------------------------
  Parameter                                                     *Lm*-Ctrl 0 Gy   *Lm*-Ctrl 15 Gy   *Lm*-OVA 0 Gy   *Lm*-OVA 15Gy
  ------------------------------------------------------------- ---------------- ----------------- --------------- -----------------
  Increased number of T cells                                   **-**            **-**             **+**           **+**

  Increased CD69 expression on CD8^+^ T cells                   **-**            **+**             **-**           **+**

  Increased number of OVA-specific CD8^+^ T cells               **-**            **-**             **+**           **+**

  Increased number of NK cells                                  **-**            **-**             **+**           **++**

  Increased IFN-γ levels                                        **-**            **+**             **++**          **++**

  Upregulation of granzyme B                                    **-**            **+**             **-**           **+**

  Average days to end point i.e., mean thigh diameter \>12 mm   15               26                27              42 (7/9 mice)\
                                                                                                                   \>60 (2/9 mice)
  ----------------------------------------------------------------------------------------------------------------------------------

The table summarizes the effects of each treatment on six parameters described in this report. '-' indicates no change, '+' indicates increase and '++' indicates a further increase. Bottom row in the table is the average number of days for tumors in each treatment group to reach the end-point size of 12 mm in mean thigh diameter. (n = 6 to 9)

Exploring variations on dosing and scheduling of the treatments may be essential to improve the capacity of the combination therapy to eliminate tumor progression in patients. In our experiments in mice, radiation treatment was administered one day prior to a single dose of *Lm-*OVA vaccine. The rationale behind our experimental design was that RT has the potential to reduce tumor burden, which may allow for better intervention by subsequent vaccine treatment. Moreover, initiation of antitumor responses by RT, a process that has been proposed to "convert" irradiated tumor into a vaccine in situ,[@R43] is likely to be boosted by the strong immunostimulatory effects of *Lm*-based vaccine. Furthermore, RT has been shown to alter the tumor landscape, resulting in a more conducive microenvironment for immune cell infiltration and activation. Administering RT before *Lm*-based vaccine may favor rapid recruitment of *Lm*-generated OVA-specific T cells to the tumor site once they leave the spleen or tumor-draining lymph node. Although, 15 Gy RT on day 7 followed by *Lm*-OVA administration on day 8 efficaciously prolonged the phase of stable disease and in a few cases, resulted in tumor regression, it is possible that additional doses of vaccine may prevent the loss of tumor control and bring about tumor regression. In the CRS-207 vaccine Phase I clinical trial, multiple inoculations of the Δ*actA*/Δ*inlB Lm*-based cancer vaccine were well tolerated without accumulating toxicities.[@R36] Thus, it is anticipated that the combined therapy of radiation and *Lm*-based vaccination, potentially involving multiple vaccine doses, will be feasible and safe.

The type of RT strategy used in our study is single, high dose local radiation, also known as ablative or stereotactic body radiation therapy. Although fractionated, low dose RT (conventional RT) is traditionally used in the clinic to treat cancer patients, the use of ablative radiation therapy is increasingly common in certain cancers, due to recent studies suggesting ablative strategies can be more beneficial.[@R18]^,^[@R44]^,^[@R45] In our study, RT + *Lm*-OVA efficiently induced the recruitment of CD4^+^ T cells, CD8^+^ T cells and NK cells into the tumor. In the context of an antitumor immune response, a single dose of radiation may be more effective since a fractionated regime of RT is likely to deplete these radio-sensitive immune cells that infiltrate the tumor, which is counterproductive when attempting to enhance antitumor immunity. In addition to inducing an immune response, high dose RT is also likely to work synergistically with *Lm*-OVA vaccine by directly killing tumor cells, thus debulking the tumor mass. RT has also been shown to destroy tumor vessels, reducing the supply of oxygen and nutrients to tumor cells. Therefore, besides the requirement for CD8^+^ T cells and other immune components, we believe that high-dose RT enhances *Lm*-based vaccine by multiple mechanisms.

In conclusion, our results reveal the promising therapeutic potential of combining RT and Δ*actA*/Δ*inlB Lm*-based cancer vaccine and elucidate the chief mechanisms contributing to the synergy of co-administering these treatments. We expect that this therapeutic regimen can be applicable to other types of cancer that have been shown to respond to radiation. Further pre-clinical and clinical investigations will provide the necessary data to optimize the timing and dosing of each treatment for further improvement, and develop the clinical applicability of this combinatorial approach.

Materials and Methods
=====================

Mice and cell lines
-------------------

C57BL/6J wild-type female mice were purchased from The Jackson Laboratory (Bar Harbor, ME) at 6--8 wk of age. Mice were maintained at the animal facility in University of Rochester in accordance with guidelines for the humane treatment of animals, and experiments were performed using protocols approved by the University Committee on Animal Resources. B16-F0, a cell line derived from a spontaneous melanoma of a C57BL/6 mouse,[@R46] was obtained from the American Type Culture Collection (CRL 6322). cDNA encoding chicken ovalbumin (OVA) was transfected into B16-F0 by lipofection and a single clone of B16-OVA was selected following cloning by limiting dilution.[@R47] Cells were maintained in culture as previously described,[@R48] with the addition of selection media, G418, to B16-OVA cells at 400 μg/mL.

Tumor growth and measurement
----------------------------

On the day of tumor cell inoculation, single cell suspensions were prepared from B16-OVA cells in culture. Harvested cells were washed with balanced saline solution (BSS) and injected intramuscularly (*i.m.)* into the lower left thigh of mice at 1 x 10^5^ cells per mouse. Tumor growth was monitored by measuring thigh diameters of mice in 2 dimensions using digital calipers, and the values were expressed as mean thigh diameter, as described before.[@R48] Mice were euthanized when mean thigh diameters exceeded 12mm, and the number of days since tumor inoculation was recorded as days to tumor end-point size.

Local single high-dose radiation treatment
------------------------------------------

Mice were treated on the tumor-bearing leg with a single dose of 15 Gy radiation, 7 d post-tumor inoculation, a time point corresponding to an average mean thigh diameter of 5.34 mm (n = 24). Irradiation was performed on non-anesthetized mice that were restrained as previously described, using a ^137^Cs source that operates at a dose rate of about 1.90 Gy/min.[@R11]

Preparation and injection of *Lm* vaccine
-----------------------------------------

All strains of *Lm* used were obtained from Aduro Biotech. Δ*actA/*Δ*inlB Lm* was derived from the wild-type strain 10403S, and an antigen expression cassette for OVA was inserted, as previously described.[@R34] On day 8 (one day post-RT) mice were injected intravenously (i.v.) with 0.1 LD~50~of Δ*actA/*Δ*inlB Lm* that expresses OVA (*Lm*-OVA) or Δ*actA*/Δ*inlB Lm* that does not express a transgene (*Lm-*Ctrl).

Depletion of CD8^+^ T cells in mice
-----------------------------------

To deplete CD8^+^ T cells in mice with established tumors, 200 μg anti-CD8α antibody (clone 53--6.7) was injected intraperitoneally (i.p.), starting one day before radiation treatment (day 6), and every other day, for a total of four doses. This protocol was previously optimized by our lab to obtain consistent depletion of CD8^+^ T cells in mice that is sustainable for more than 1 wk.

Tumor dissociation, immunofluorescence staining, and flow cytometry
-------------------------------------------------------------------

Mice were sacrificed and tumors were excised day 13 post-tumor inoculation. This time point was chosen for tumor microenvironment comparisons because immune responses induced by both radiation and *Lm* vaccine therapies were ongoing. Moreover, after day 13, tumors from mice treated with RT combined with *Lm*-OVA were too small in size for assessment. After removal, tumors were mechanically cut into smaller pieces, digested with collagenase as described previously[@R7] and single cell suspensions were incubated with LIVE/DEAD® aqua dead cell stain (Invitrogen, Grand Island, NY) according to manufacturer\'s protocol prior to surface staining. Fluorescence-conjugated antibodies targeting mouse CD3 (145--2C11), CD4 (GK1.5), CD8 (Ly-2, 53--6.7), CD16/CD32 (Fc Block) (2.4G2), CD45 (30-F11), NK1.1 (PK136), CD69 (H1.2F3), and isotype controls were from BD Biosciences and eBioscience. To identify OVA-specific CD8^+^ T cells, Phycoerythrin-labeled MHC Dextramer® (Immudex, Copenhagen, Denmark) carrying SIINFEKL-H-2K^b^ complexes was incubated with cell suspensions according to manufacturer\'s protocol after LIVE/DEAD® staining and before labeling of cell surface markers. Following immunofluorescence staining, cytofluorimetric analysis was performed on a BD FACSCanto^TM^ II flow cytometer and data analyzed using FlowJo software (Tree Star, Inc). OVA-specific CD8+ T cells were expressed as a percentage over total live CD8+ T cells in the tumor.

ELISA
-----

Tumor pieces were snap-frozen in lysis buffer containing 50mM Tris (pH7.4), 300mM NaCl, 10% glycerol, 3mM EDTA, 1mM MgCl2, 20mM β-glycerophosphate, 25mM NaF, 1% Triton X-100 and protease inhibitors (BioVision).[@R49] Samples were thawed on ice, processed using a motorized tissue homogenizer (PRO Scientific), and cell debris was pelleted by centrifugation. Total protein concentration in the supernatant collected from each sample was determined by BCA assay (Thermo Fisher Scientific) and IFNγ levels were assessed using ELISA kit from eBioscience. IFNγ concentration was calculated by taking the ELISA value of each sample normalized to the total protein level in the sample.

Real-time quantitative PCR
--------------------------

Tumors were excised and sample pieces were snap-frozen in buffer RLT (QIAGEN). RNA was isolated using the RNeasy kit (QIAGEN) from tumor homogenates and quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed, as described previously.[@R50]The intron-spanning forward and reverse primers used were designed in-house and obtained from Eurofins MWG Operon. Sequences of primers used are as follows. For GAPDH: Forward, 5′-CATTGCTCTC AATGACAACT-3′, Reverse, 5′-GGGTTTCTTA CTCCTTGGAG-3′. For Granzyme B: Forward, 5′-GGAAGATGAA GATCCTCCTG-3′, Reverse, 5′-ATCGAAAGTA AGGCCATGTA-3′. All samples were normalized based on GAPDH threshold cycle values and fold changes over a randomly chosen sample in the control group were calculated using 2^−□ΔΔCt^ formulae by comparative *C*~t~ method.

Statistical analysis
--------------------

All statistical analyses were performed using the Prism software package v.4.0 (GraphPad Software, Inc., La Jolla, CA). Unless indicated otherwise, multiple group comparisons were performed using one-way ANOVA and *P* values were adjusted using Bonferroni correction.
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BSS

:   balanced saline solution

Ctrl

:   control

CY

:   cyclophosphamide

*GZMB*

:   granzyme B gene

i.m.

:   intramuscular

i.p.

:   intraperitoneal

i.v.

:   intravenous

IFNγ

:   interferon γ

Inl

:   internalin

Lm

:   Listeria monocytogenes

NK

:   natural killer

OVA

:   chicken ovalbumin

RT

:   radiation therapy, TAA, tumor-associated antigen
